Pseudomonads are ubiquitous bacteria that engage in important metabolic activities in the environment, including degradation of exotic and toxic substrates, such as aromatic compounds and hydrocarbons. Thus, they play key roles in the elimination of organic wastes in their natural habitats, frequently polluted soils, and have considerable potential for biotechnological applications, particularly in the areas of bioremedation and biocatalysis.
Pseudomonas putida strain KT2440 is the best characterized saprophytic Pseudomonad. It has retained its ability to survive and function in the environment. It is the first Gram-negative soil bacterium to be certified as a safe strain for recombinant DNA engineering. The entire genome sequence of strain KT2440 has been determined, and it revealed diverse transport and metabolic systems. 1) KT2440 encodes more putative transporters for aromatic compounds than any other sequenced microbial genome, including a homolog of the Acinetobacter calcoaceticus benzoate transporter BenK. Over the entire regions, 46% of the amino acid residues of Acinetobacter BenK and P. putida BenK are identical. In addition, KT2440 has 23 members of the BenF/PhaK/OprD family of porins, which include outer membrane channels implicated in the uptake of aromatic substrates. Identical amino acid residues as between P. putida BenF and P. aeruginosa OprD constitute 34%. Compared with other integral membrane proteins, the amino acid compositions of the porin sequences are somewhat polar and lack hydrophobic segments long enough to span the membrane bilayers. Though these transporters have been categorized by their protein sequence similarities, the functions and molecular properties of many transporters remain to be elucidated in detail.
P. putida has a chromosomally encoded cluster of eight genes, including the regulatory gene benR, for the degradation of benzoate to catechol.
2) Downstream of benR are four genes, benA, -B, -C, and -D, that have highly deduced amino acid sequence similarities to the benzoate degradation enzymes. Following benABCD are three genes, benK, -F, and -E2, that may encode proteins involved in benzoate uptake. As mentioned above, the benK and benF genes might well encode a benzoate transporter 3) and porin 4) respectively. The function of benE2 is unknown, though it is predicted to encode a membrane protein having 12 transmembrane-spaning domains, presumably a transporter. The amino acid sequence of the benE2 gene product is highly similar to those of two other P. putida gene products, one of which is encoded by benE1. Over the entire regions, 31% of the amino acid residues of the gene products of benE1 and benE2 are identical.
In analyzing the function of transporters, it is sometimes convenient to use heterologous systems, such as the expression of foreign genes in well-characterized host cells. The yeast Saccharomyces cerevisiae does not possess a benzoate specific transporter, and thus provides a good system to analyze the P. putida gene products, benzoate transporters. S. cerevisiae also does not have a benzoate degradation system. Benzoate in a medium enters the yeast cell by passive diffusion in an uncharged, undissociated state. Once entered, the moley To whom correspondence should be addressed. Tel: +81-948-29-7822; Fax: +81-948-29-7801; E-mail: nikawa@bio.kyutech.ac.jp cule dissociates, resulting in the release of charged anions and protons, and hence weak-acid stress in the cell. 5) Yeast cells are able to mount an adaptive response that attempts to counteract the weak-acid stress; i.e., the ATP-binding cassette (ABC) transporter encoded by PDR12.
6) It has been found that PDR12 is essential to the adaptation of yeast cells to growth in the presence of weak acids such as benzoate, because disruption of either PDR12 6) or WAR1, 7) which encodes a transcriptional factor for PDR12, makes yeast cells hypersensitive to weak acids.
The aim of the present study was to use yeast strains, such as the PDR12-disrupted strain, to analyze the function of transporter proteins encoded by the P. putida genes benK, benF, benE1, and benE2.
Materials and Methods
Strains, media, and growth. The Escherichia coli strain used in this study was JM109. It was cultured in Luria broth at 37 C. 8) Ampicillin was used at a concentration of 50 mg/ml. Transformation of E. coli and plasmid preparation by the alkaline lysis method were performed by standard methods.
8) The wild-type yeast strain used was D452-2 (MAT leu2 his3 ura3).
9)
Yeast cells were cultured aerobically in either YPD or synthetic minimal medium with shaking at 30 C. The compositions of the YPD and inositol-supplemented minimal medium M20i (20 mg/ml) were as described previously. 10) When necessary, L-leucine, L-histidine, and uracil were added to the culture medium, each at 20 mg/ml. The absorbance of each culture was measured at 660 nm in an 18-mm-diameter test tube with a miniphoto 518 spectrophotometer (Taitech, Tokyo).
Construction of HIS3-disrupted pdr12 strain. A strain having HIS3-disrupted pdr12 was constructed by means of the method for the synthesis of marker-disrupted alleles of yeast genes.
11)
The primers used are listed below.
The combinations of PCR primers for construction were PDR12-1 plus PDR12-2 and PDR12-3 plus PDR12-4. A DNA fragment of HIS3-disrupted pdr12 was used in the replacement of the genomic DNA of strain D452-2 to produce the PDR12-disrupted strain, PDR12H. Gene disruption was confirmed by PCR with chromosomal DNA of the PDR12H strain as a template.
Plasmid construction. PCR-amplified P. putida genes were first cloned with pCR2.1-TOPO (Invitrogen, San Diego, CA). The primers used are listed below.
Nucleotide sequences corresponding to start codons are shown in bold, and those for stop codons are underlined. The primers used in the amplification of the P. putida genes were benF-A plus benF-B, benK-A plus benK-B, benE1-A plus benE1B, and benE2-A plus benE2-B, with chromosomal DNA of P. putida KT2440 as a template. pAD-4HA is a multi-copy plasmid, that expresses HA (influenza virus hemagglutinin)-tagged proteins under the control of the ADH1 promoter. 12) EcoRI DNA fragments of putida genes extracted from pCR2.1-TOPO constructs were inserted into the EcoRI site of pAD-4HA to produce the yeast expression plasmids. These plasmids, having benK, benF, benE1, and benE2, were designated pA4HA-benF, pA4HA-benK, pA4HA-benE1, and pA4HA-benE2 respectively.
Indirect immunofluorescence microscopic analysis. Yeast immunofluorescence microscopic analysis was carried out by the method described in ''Methods in Yeast Genetics,'' 13) except that 1 M sorbitol was added at the stage of zymolyase treatment. Rat anti-HA antibody (Boeringer Mannheim, Mannheim) and fluoresceinconjugated goat anti-rat IgG antibody (MP Biomedicals, Solon, OH) were used as primary antibody and secondary antibody respectively.
Measurement of benzoate uptake. The benzoate uptake in yeast cells expressing recombinant transporters was assayed at 30 C. Cells were grown to the mid-log phase, 5 ml of culture was harvested by lowspeed centrifugation, and this was resuspended in an equal volume of fresh minimal medium. Benzoate was supplied to the 5 ml of culture at the final concentrations indicated, and the cells were cultured at 30 C. At the times indicated, cells were collected by centrifugation and then washed with 0.5 ml of buffer Y (1 M sorbitol/ 0.1 M EDTA, pH 8). The cells were suspended in 0.1 ml of buffer Y containing Zymolyase (10 mg/ml; Kirin, Takasaki). After incubation of the cells at 37 C for 30 min, 0.1 ml of TCA (10%) was added to the sample, which was allowed to stand at room temperature for 10 min. Ethyl acetate (0.5 ml) was added to the sample, mixed vigorously, and separated by centrifugation. Four hundred ml of the upper phase was transferred to a new tube, evaporated, and dissolved in methanol. An aliquot of the methanol solution was subjected to determination of the benzoic acid concentration. Total amounts of benzoate taken up into cells (5-ml cultures of absorbance 0.5 at 660 nm) were calculated. HPLC analysis. Aliquots of samples extracted from yeast cells were analyzed using a high-performance liquid chromatograph (Hitachi, L-3000) equipped with a variable wavelength UV/VIS detector and a microparticulated reversed-phase column (octadecylsilan; length, 150 mm; inside diameter, 4.6 mm). The mobile phase was 20 mM phosphate buffer (pH 2.5)-methanol (50:50, vol/vol). The eluate was monitored at 254 nm.
Results and Discussion
Subcellular localization of P. putida gene products in the yeast cells First we constructed plasmids to express the P. putida gene products in the yeast cells. We amplified the genes for benF, benK, benE1, and benE2 by PCR amplification with P. putida KT2440 genome DNA as a template. Isolated genes were expressed as HA-fused proteins (benFp, benKp, benE1p, and benE2p) under the control of the yeast ADH1 promoter. HA-fused proteins thus expressed in wild-type yeast cells were detected by indirect immunofluorescein microscopic analysis. As compared to the HA-fused yeast inositol transporter protein, also expressed under the control of the ADH1 promoter, the signals for the P. putida gene products were not strong, presumably due to low expression or instability in the yeast cells, but moderate amounts of all P. putida gene products were expressed and existed in the yeast cell membrane (data not shown), even though it is very difficult to determine exactly how much foreign gene products were produced and were functional in the yeast cells. Western blot analysis showed that HA-fused proteins for benKp, benE1p, and benE2p were present at around 50 kDa (the estimated sizes of the gene products were 47, 50, and 52, for benKp, benE1p, and benE2p respectively). The size of benFp, estimated to be 51 kDa, was slightly high, at about 55 kDa. Next we determined benzoate uptake ability in the yeast transformants.
Benzoate uptake into the yeast cells As mentioned above, S. cerevisiae does not possess a transporter specific for benzoate, but has a plasma membrane protein, encoded by PDR12, that functions as an efflux pump for benzoate. Hence, we constructed a strain in which the PDR12 gene was disrupted. The PDR12-disrupted strain, PDR12H, and the wild-type strain, harboring plasmids having P. putida genes and vector plasmid, were used to determine benzoate uptake. As expected, wild-type cells showed less accumulation of benzoate in all transformants (data not shown), because the efflux system for benzoate encoded by PDR12 functioned. On the other hand, as shown in Fig. 1, PDR12 -disrupted yeast cells, expressing all four P. putida genes, accumulated benzoate than that harboring vector alone. Cells expressing benE1p and expressing benE2p exhibited high accumulation of benzoate, more than 6-fold that of control cells.
Next we determined the time course of benzoate uptake using cells expressing benE1p and benE2p. As shown in Fig. 2 , benzoate was taken up into the yeast cells in a time-dependent manner. Cells expressing benE2p showed higher activity than those expressing benE1p.
Effects of P. putida gene products on yeast cell growth
Benzoate taken up into yeast cells causes weak-aid stress, and thus reduces yeast cell growth, when high concentrations of benzoate are present in the medium. The PDR12-disrupted strain is more sensitive to benzoate than the wild type. As shown in Fig. 3 , the wild- PDR12-disrupted strain PDR12H, harboring plasmids for the expression of benE1p and benE2p (pA4HA-benE1 and pA4HA-benE2 respectively), was cultured in minimal medium containing 0.2 mM benzoate. After incubation for the durations indicated, the benzoate taken up into cells was quantified. Each bar represents the mean value for three independent experiments. Error bars indicate standard deviations.
type strain exhibited benzoate resistance even in the presence of 1 mM benzoate, whereas the PDR12-disrupted strain showed strong benzoate sensitivity. Hence, it is expected that yeast cells expressing a foreign gene are more sensitive to benzoate when the foreign gene product functions as a transporter, taking up benzoate into cells. On the other hand, yeast cells might be more resistant to benzoate when a foreign gene product functions as an efflux pump.
Next we determined the cell growth of yeast strains expressing P. putida proteins, and compared it to that of strains harboring vector alone. We used concentrations of 1 mM and 0.3 mM of benzoate for the wild-type strain and PDR12-disrupted strain respectively (Fig. 4) . Wildtype cells expressing benFp clearly showed more resistance to benzoate than those harboring control plasmid, and the PDR12-disrupted strain expressing benKp, benE1p, or benE2p showed more sensitivity than those harboring control plasmid. These results strongly suggest that P. putida benFp functions as an efflux pump, whereas benKp, benE1p, and benE2p function as transporters, taking up benzoate into the cells. This is the first report describing the function of gene products of P. putida benE1 and benE2 as benzoate transporters. As shown in Fig. 1 , yeast cells expressing benFp accumulated benzoate, though the amounts were moderate. It is possible that this accumulation occurred by mis-localization of benFp. Uptake experiments were carried out at high concentrations of benzoate, and yeast cells did not grow under those conditions.
As mentioned above, it is very difficult to determine precisely how much P. putida gene products were produced and were functional in yeast cells. However, the present results, obtained with yeast cells, should provide a good system for qualitative analysis of functions of other proteins, that belong to the transporter super family, and of which functions are unknown in detail. PDR12-disrupted strain PDR12H and wild-type strain D452-2 were cultured in minimal media containing benzoate at the concentrations indicated. After culturing for 21 h, increased cell amounts were measured by the absorbance at 660 nm. Wild-type strain D452-2 (A) and PDR12-disrupted strain PDR12H (B), harboring plasmid pA4HA-benF ( ), pA4HA-benK ( ), pA4HA-benE1 ( ), pA4HA-benE2 ( ), or vector plasmid pAD-4HA ( ), were cultured in minimal media containing benzoate at a concentration of 1 mM (A) or 0.3 mM (B).
